Isolation of differentially expressed genes in wheat caryopses with contrasting starch granule size
Introduction
Wheat is one of the most important crop species grown worldwide. More than 200 million hectares of wheat are cultivated annually with a total harvest of almost 600 million tonnes of grain (FAO; http://www.fao.org/). The storage starches produced in cereal endosperm account for over 90% of the world market for starch (the major cereals in terms of tonnage of yield are maize and wheat). Most of wheat harvested is consumed by humans for making a wide range of bread items or used for livestock feeding. However, starch being cheap and renewable raw material is used not only in the agri-food sector, but in many non-food industrial applications, such as manufacturing of protein-based films or starchbased plastics [1] and as a source of energy after conversion to ethanol [2, 3] .
The synthesis of starch in the endosperm occurs within the amyloplasts and is completed by a series of enzymatic reactions catalyzed by several different classes of enzymes [4] . Starch synthases (SS, E.C. 2.4.1.21) are important factors controlling the rate of starch synthesis, while the granule-bound starch synthases (GBSS: EC 2.4.1.21) are related to the synthesis of amylose. Starch branching enzymes (SBEs, E.C. 2.4.1.18) form the branched structure of the amylopectin molecule, while amylopectin is synthesized by the coordinated actions of SS, starch branching enzymes (SBEs, E.C. 2.4.1.18) and starch debranching enzymes (DBEs, E.C. 3.2.1.41 and E.C. 3.2.1.68). Starch consists of two major glucose polymers (amylose and amylopectin) with the ratio of amylose/amylopectin ranging between 25-28 and 72-75%, respectively. The relative amounts of amylose and amylopectin are responsible for starch physical and chemical properties with strong influences on the functional properties of flour and on its specific uses in the food and manufacturing industries.
In wheat, starch granules exhibit a bimodal size distribution, a characteristic unique to members of the grass Triticeae family. The starch granules, designated A-and B-type [5] , can be distinguished based on size, shape, relative proportion, and the timing of their initiation in the endosperm, a process which, presumably, is under a defined genetic program. C-type starch granules have also been reported in wheat [6, 7] . Differences in starch granule composition [8] and their molecular structure [9] have been reported to play an important role in product application [10] .
Despite considerable advances in our knowledge of the starch biosynthesis pathway, factors controlling starch granule initiation and granule size remain unclear. Loss of isoamylase activity from barley, rice and potato leads to an increase in granule initiation [11, 12] , consistent with the idea that isoamylases suppress the sites of new granule initiation, although DBEs are probably not directly involved in initiating granule synthesis [13] [14] [15] . Down-regulation of a pullulanasetype DBE (limit dextrinase) inhibitor activity in barley revealed reduced numbers of the small B-type starch granules, as well as reduced amylose relative to amylopectin levels and reduced total starch [16] . This confirms the important role of pullulanase-type DBE during determination of starch granule size. Analysis of SS IV in Arabidopsis thaliana mutants revealed a specific function for this enzyme class in the control of granule numbers being selectively involved in the priming of starch granules [17] . However, the specific factors controlling the size of starch granules in any species are unknown. The objective of this study was (1) to screen a set of advanced winter wheat lines for the starch A-granule size; (2) to identify differentially expressed genes in developing wheat caryopses with a contrasting starch A-granule sizes; and (3) to compare expression patterns of the candidate and well-known starch biosynthesis genes in developing wheat caryopses.
Experimental Procedures

Plant material
Nine winter wheat breeding lines of contrasting A-type starch granule size were selected from winter wheat collection of Lithuanian Research Centre for Agriculture and Forestry (Table 1) . Six seeds of each breeding line were sown into pots (10 dm 3 ) filled with peat substrate in three replications. Plants were established with regular irrigation and fertilization in a greenhouse for one month and then vernalized for two months under semi-natural conditions in the greenhouse by maintaining +4ºC without supplemental lightning. After vernalization plants were grown in the greenhouse at 20/16ºC (day/night) with a photoperiod of 16 h provided with a supplemental lighting if needed. Developing wheat caryopses from the middle part of the ear of three plants per replication were collected on the fifth, tenth and fifteenth days post anthesis (DPA), immediately frozen in liquid nitrogen and stored at -80 o C until RNA extraction. The remaining three plants per replication were grown to full maturity and the grains were harvested for starch granule analysis.
Starch isolation and granule size measurement
Five grams of wheat grains per replication were milled with micro-blender, mixed with 5 ml ddH 2 O and the resulting paste was kept in plastic tubes for 2 hours prior to protein washing. Proteins were dissociated by kneading the paste with hands using distilled water until all starch was washed out. The outwashes were filtered through nylon screen with a pore size of 75 µm by centrifugation at 1000xg for 10 min. The starch samples were desiccated in a thermostat at 
RNA isolation and cDNA synthesis
Total RNA was isolated using RNAqueous TM Phenolfree total RNA Isolation kit (Ambion, Austin, TX, USA). RNA quality and quantification was checked by running 5 µl of the total RNA on a 1% agarose gel. Poly 
cDNA-AFLP analysis
The cDNA-AFLP procedure was conducted as described earlier by Jonavičienė et al. [18] with minor modifications. PCR mix in selective amplification contained 10 µl of 20x diluted pre-amplification product, 0.25 µM of AseI selective primer with two selective nucleotides, 1.5 µM of TaqI selective primer with two selective nucleotides, 2 mM MgCl 2 , 0.2 mM dNTP mix, and 0.4 U Taq polymerase in a 20 µl of total reaction volume. The sequences of primers used for AFLP analysis are indicated in Table 2 . PCR amplification was conducted in a Mastercycler gradient thermo cycler (Eppendorf, Hamburg, Germany) using the following program: 12 cycles: 94°C, 30 s; 65°C (-0.7°C/cycle), 30 s; 72°C, 1 min and 24 cycles: 94°C, 30 s; 56°C, 30 s; 72°C, 1 min; followed by a final extension step of 10 min at 72°C. The selective PCR products were fractionated in a 1.5% agarose gel electrophoresis at 100 W for 2 h. The fragments were visualized by using ethidium bromide and UV light.
Identification and cloning of TDFs
The final PCR products of genotype A3 and genotype C1 at 10 and 15 DPA were individually loaded next to each other on the gel for the side-by-side comparisons. The reproducibility of transcript-derived fragments (TDFs) was tested by repeating PCR amplifications 2 to 3 times for each primer combination used. Only robust and reproducible bands were included in the analysis. TDFs were excised from the agarose gel with a sterile surgical blade, extracted from agarose with a DNA Extraction Kit (Fermentas) and eluted with 30 µl of sterile water. DNA fragments were cloned into the pJET1.2/blunt Cloning Vector using GeneJet TM PCR Cloning Kit (Fermentas) according to the manufacturer's instructions. Plasmid DNA was isolated with GeneJet TM Plasmid Miniprep Kit (Fermentas) and sent for sequencing at the Sequencing Centre (Institute of Biotechnology, Vilnius, Lithuania).
Primer design for semi quantitative PCR
DNA sequences of TDFs were clustered and assembled with the software ChromasPro 1.5 (Technelysium Pty Ltd, Brisban, Australia). The assembled sequences were blasted against the nr protein database of Genbank with BLASTX. PCR primers were designed using PrimerBlast (http://www.ncbi.nlm.nih.gov). The primer pairs were chosen to amplify fragments of approximately 200 bp in length. The well-known starch biosynthesis genes SSI, SSII, SSIII, SBEI, SBEII and GBSSI were amplified as described by Hurkman et al. [19] while the housekeeping control ADP-ribosylation No.
Primer pairs Sequences (5′→3′) factor gene (Ta2991) was amplified using the primers developed by Paolacci et al. [20] . 
Semi quantitative PCR
Results
Size distribution of starch granules
Nine LRCAF-bred winter wheat breeding lines were analyzed for A-type starch granule size. The mean size of granules ranged from 23.65 µm to 26.85 µm in diameter for wheat lines C1 and A3, respectively ( Table 1) . Analysis of variance (ANOVA) was performed for a total of 13,500 measured granules in order to test the significance of variation among accessions. Most of the lines had little variation in granule size and were grouped into six homogeneous groups significantly different at P<0.01. The most contrasting wheat lines C1 and A3 were chosen for further gene expression analysis. (Table 3 ). These sequences were deposited to the GenBank EST database with accession numbers of KC175594 to KC175605. (Figure 1 ). 
Expression patterns of starch biosynthesis genes
Expression patterns of the candidate genes
The same two wheat lines producing A-type granules of larger size (genotypes A1 and A3), and two having smaller size granules (genotypes C1 and C3), were analysed for relative gene expression of novel candidate genes isolated in this study. Due to the loss of the research material of the genotype C4 it was replaced by another genotype C3, producing smaller A-type granules (mean size of 24.43 µm) as well (Table 1) . For this analysis six TDFs (TDF01, TDF02, TDF03, TDF04, TDF05 and TDF06) along with the ADP-ribosylation factor (Ta2291) housekeeping gene were evaluated in samples from wheat caryopses collected at 5, 10 and 15 DPA (Figure 2 ). Candidate gene expression among genotypes contrasting in A-type starch granules, A1 and A3 versus C1 and C3) revealed no obvious differences at 10 DPA, except for the considerably lower expression of candidate genes TDF03 and TDF05 in the genotype C3. The expression of candidate gene TDF01 was highest at 10 DPA for all genotypes with a slightly higher peak in genotype A1, whereas the expression peak of TDF03 was detected in genotypes A1, A3 and C1 at 10 DPA. The genotype A1 was distinguished by the expression peak of TDF05 while the candidate gene TDF02 peaked in genotype A3 at 10 DPA (Figure 2 ). Considerable differences of relative expression were detected at 15 DPA, when some of the candidate genes were suppressed at this stage in comparison to the expression at 5 or 10 DPA (Figure 2 ). The relative expression of TDF03 and TDF06 was suppressed in all genotypes at 15 DPA, meanwhile the expression of TDF02 and TDF04 was lower for genotype A3 and for both genotypes producing smaller A-type granules, C1 and C3. At this stage the relative expression of TDF05 was suppressed in genotypes A1 and genotypes with smaller A-type granules C1 and C3, whereas the expression of TDF01 was lower in C1 and C3. In general, differential candidate gene suppression between larger and smaller granule producing genotypes at 15 DPA was evident for all studied TDFs with C1 and C3 genotypes having smaller relative gene expression values than A1 and A3 genotypes.
Discussion
There are two distinct classes of starch granules based on their size and timing of formation in wheat endosperm [6, 7, 21] with a temporal transformation in the size distribution of starch granules during wheat endosperm development. The formation of the A-type starch granules initiates around 4-14 days DPA, when the endosperm is still actively dividing [5, 21] , whereas B-granules are initiated at about 10-16 DPA in stromules [22] . As formation of A-and B-type granules are competing processes, the early to middle caryopsis developmental stages (10 and 15 DPA) spanning initiation periods of both A-and B-type granules were chosen for isolation of genes involved in granule size determination. Grain weight is determined by the productivity of starch yield, and the yield management should reflect differences in source-sink relations for starch deposition during grain-filling rates [23] . Sink activity, including the activity of key enzymes involved in carbohydrate metabolism, is physiological restrain in accumulation of carbohydrate reserves during grain filling [24] . Starch synthases SS and GBSS play important role in regulating starch synthesis in grain endosperm and in determining individual grain weight in wheat [25, 26] . The first evidence suggesting the possible involvement of starch synthases in the priming of starch biosynthesis came from an analysis of A. thaliana [17] . Further studies [27] have shown that the simultaneous elimination of SSIV and SSIII completely prevents the synthesis of starch in A. thaliana leaves. These results raised the question of the SSIII role in the priming of starch synthesis. In the absence of SSIV, SSIII seemed to be responsible for the initiation of the single granule per chloroplast and also it could interact with other starch synthases and branching enzymes in a phosphorylation-dependent manner [27] . However, studies using A. thaliana provide us knowledge about starch biosynthesis in leaves [28, 29] , however, the initiation of starch synthesis in wheat grain still remains unclear. The present study aimed at finding a possible involvement of starch synthases in the determination of different A-type granule sizes. As shown in previous studies, which focused on temporal or spatial patterns of starch synthesis gene expression [30] [31] [32] , the expression of our studied starch biosynthesis genes markedly increased at the early stage of grain filling (from 5 to 10 DPA) and remained at the same level at 15 DPA. Even though it was confirmed that changes in starch synthases (SS and GBSS) activity is closely related to the starch granule size distribution during grain filling [7] no obvious evidence for differences in relative gene expression between genotypes contrasting in A-type granule size was found (Figure 1 ). These findings support the model of these genes playing important role mainly in starch biosynthesis but not in the determination of A-type granule size at the early stages of caryopses development.
Twelve genes identified in this study to be putatively involved in starch granule biosynthesis showed homology to known proteins described in the model plant Brachypodium distachyon and other Poaceae species such as wheat, rye, rice, maize and perennial ryegrass (Table 3) . These genes are known to play a role in the regulation of gene expression and signal transduction in plant development. One of our identified TDFs -TDF01 was predicted to encode the endosperm-specific betaamylase 1, which was shown to be involved in both the synthesis and degradation of starch [33] [34] [35] . The changes in transcriptional expression of isoamylases were previously reported to correlate with the ratio of B-to A-type granules in terms of their volume and number [31] . Moreover, Burton et al. [11] and Bustos et al. [12] both proposed that isoamylases could be a major determinant of granule initiation because of the reduction in granule size and the increase in their number in the isa1 (isoamylase 1) mutants of barley and potato, respectively. Furthermore, A. thaliana mutants lacking all four forms of isoamylase were shown to be devoid of starch granules [14] . The guanosine triphosphate (GTP)-binding proteins, in our study encoded by TDF02, were recently detected in the amyloplast membrane-bound protein of wheat endosperm at 10 DPA [36] , thereby playing the role in signal-transduction cascades of starch accumulation. The increase in relative expression of TDF04, encoding translation initiation factor 4A, is consistent with the earlier work of Stamova et al. [31] , who detected a correlation between the percentage in number of A-granules and expression profiles of genes encoding several transcription factors. The polyadenilate-binding proteins participate in posttranscriptional mRNA processing [37] while five genes encoding calcium dependent protein kinases (CDPKs) were up-regulated in the endosperm stage in rice [38] . The temporal patterns of expression of these candidate genes were found to be consistent with their role in starch biosynthesis, with higher peaks at 15 DPA in the genotypes A1 and A3, containing larger A-type starch granules, rather in genotypes C1 and C4 producing smaller granules (Figure 2) . The lower expression level of candidate genes in genotypes producing smaller granules might be associated with the onset of B-type granule development at 15 DPA, as it has been reported earlier [7, 31] . The results of our study suggest a putative role for the identified candidate genes in the determination of starch granule size. Among eighteen starch biosynthesis genes, identified in the wheat genotypes differentiating in A-type starch granules size, five of them (TDF10, TDF11, TDF15, TDF16, TDF17) showed no homology to known proteins in other species. These findings suggest identification of the novel genes involved in mediation of starch biosynthesis and need further validation.
In conclusion, the studied genes were identified as the putative targets for starch A-type granule development regulation in winter wheat. However, the molecular mechanism of the granule initiation remains to be clarified. The genomic information obtained from the identified differentially expressed genes provides clues for the development of functional markers for selection of genotypes producing larger A-type starch granule in winter wheat. Moreover, this genomic data could be used further to validate the described starch and as yet unknown biosynthesis genes, thus providing a first step towards winter wheat cultivars with enhanced starch content.
